The uranyl cation UO 2 2+ adsorption on the basal face of gibbsite is studied via Car-Parrinello molecular dynamics. In a first step, we study the water sorption on a gibbsite surface. Three different sorption modes are observed and their hydrogen bond patterns are, respectively, characterized. Then we investigate the sorption properties of an uranyl cation, in the presence of water. In order to take into account the protonation state of the (001) gibbsite face, both a neutral (001) face and a locally deprotonated (001) face are modeled. In the first case, three adsorbed uranyl complexes (1 outer sphere and 2 inner spheres) with similar stabilities are identified. In the second case, when the gibbsite face is locally deprotonated, two adsorbed complexes (1 inner sphere and 1 outer one) are characterized. The inner sphere complex appears to be the most strongly linked to the gibbsite face.
I. INTRODUCTION
The knowledge of radionuclide transport properties through environment is crucial to evaluate the dissemination risks of high-level long-lived radioactive waste storage. Indeed, in case of accidental scattering of such species, the clays and mineral compounds in the ground have to present an important retention capacity. The use of uranium as fuel in nuclear reactors makes this element a major potential contaminant among the radionuclides. The hexavalent uranium can migrate at different speeds through the soil depending on its composition. To control this migration, the knowledge of the interactions between water and mineral compounds 1 as well as between ions and mineral compounds 2, 3 is crucial. Many studies of the uranyl sorption on a wide range of mineral or clay surfaces were performed using experimental (extended x-ray absorption fine structure (EXAFS), [4] [5] [6] [7] [8] x-ray absorption spectroscopy, [9] [10] [11] [12] [13] time-resolved laserinduced fluorescence spectroscopy (TRLFS), [11] [12] [13] [14] [15] [16] and x-ray photoelectron spectroscopy (XPS) 16 ) as well as theoretical (Monte Carlo, 17 classical molecular dynamics, [17] [18] [19] and ab inito static calculations 8, [20] [21] [22] [23] [24] [25] ) approaches. In this study, the gibbsite has been chosen due to its important presence in soils. An accurate understanding of the sorption mechanisms of an ion on this surface requires a good knowledge of the surface structure and properties at the atomic scale.
Experimentally, only the XPS and the vibrational spectroscopy methods are able to collect information from mineral surfaces. However, the XPS experiences require for samples a) Author to whom correspondence should be addressed. Electronic mail:
roques@ipno.in2p3.fr. containing powders an analysis under ultra-vacuum, which limits its applications to the study of non-hydrated solid surfaces. From vibrational spectroscopy near-field experiments, one can extrapolate the speciation of the surface groups from the bulk structure, even if effects of relaxation are known to change the atomic organization at mineral surface (e.g., gibbsite 26, 27 ). From a theoretical point of view, previous ab initio studies have also been realized to study gibbsite bulk and surface structures. 25, [28] [29] [30] [31] The crystallographic parameters and the atomic positions of the gibbsite bulk structure were calculated by a classical molecular dynamic simulation 32 and two different density functional theory (DFT) methods: cluster 28, 29 and periodic 25, 28, 30 approaches, the latter being more adapted to obtain a more realistic description of solids (no edge effect).
To our knowledge, the gibbsite surface has only been modeled in three works. In the first one, Wang et al. 32 have studied the hydration of the (001) gibbsite face by a classical molecular dynamic approach. In their simulations, the CLAYFF (clay force field) and SPC (simple point charge) force fields were, respectively, used to model gibbsite and water. In the second one, Qian et al. 33 used a cluster approach (with cluster compositions of Al 6 (OH) 18 (H 2 O) 6 and Al 6 (OH) 12 (H 2 O) 12 6+ ) to study their interactions with some water molecules; a polarizable continuum model was introduced to take into account part of the solvent effect. In the third study, realized by Veilly et al., 25 a static, periodic DFT approach was used to characterize the uranyl sorption in vacuum condition. The basal (001) face was modeled because it has been identified as the most active face for the uranyl adsorption. Indeed, the absence of cation adsorption on edges is coherent with the fact that in the pH range of 3-10, the lateral faces are positively charged while the basal one remains mainly neutral and can contain locally a tiny quantity of 34 This assumption was confirmed by the analysis of the infrared spectrum recorded for an uranyl ion adsorbed on a gibbsite sample. 25 In the same work, the study of uranyl adsorption by TRLFS showed that the uranyl can be linked with the surface through an inner sphere mechanism, in good agreement with others TRLFS studies performed by Baumann et al. 15 and Chang et al. 14 However, these experiences did not give information about the adsorbed complex structures. The studies performed by Froideval et al. 7 and Hattori et al. 8 supply more details about the uranyl complex formed on the Alhydroxide surface. These two EXAFS studies, where the Alhydroxide surfaces used are an amorphous Al-hydroxide in the first case and a gibbsite surface in the second case, have allowed to deduce similar results: At pH equal to 3, the complex formed on the surface is a monomer of uranyl. These studies have also identified three shells of atoms located at average distances lower than 3.5 Å from the uranium atom. In the first one, oxygen atoms are placed at an average distance of 1.80 Å, which correspond to the O yl oxygen atoms of the uranyl ion. The second shell contains between 4 and 6 oxygen atoms at an average distance of 2.41-2.46 Å from the uranium atom. Finally, the last shell which corresponds to 0.6-1.6 aluminium atom(s) located at an average distance of 3.38 Å from the uranium atom, is defined by authors as the average distance between the uranium atom and the nearest aluminium atoms. The extraction of the latter distance from the analysis of the EXAFS experiments proves the existence of an inner sphere uranyl complex on the gibbsite face, but the existence of an outer sphere one cannot be excluded. Also, these experiments could not actually identify the type of bond between uranyl ion and the surface (monodentate, bidentate) as well as the chemical state of the adsorption site (protonated or deprotonated).
The aim of this paper is to investigate the interaction between the basal (001) face of gibbsite and the uranyl cation (UO 2 2+ ) in order to evaluate the trapping ability of the gibbsite towards this ion. Veilly et al. 25 predicted, by static-DFT in vacuum condition, three different possible adsorption sites for the uranyl adsorption with a quasi similar structure and stability. They also predicted that the uranyl is bonded in a bidentate mode with two surface oxygen atoms. However, these results did not take into account the temperature and solvent effects, since they were extracted from static DFT calculations with very few water molecules to model the solvent (one monolayer). Therefore, in the present study, we aimed at completing this work by introducing all these effects in order to obtain a more realistic modeling of the interaction of the uranyl ion with the gibbsite (001) face. A liquid water layer has been placed over the gibbsite face and periodic boundary conditions have been used to model an infinite hydrated surface.
In this study, Car-Parrinello molecular dynamics (CPMD) calculations 35 using the following approach are performed. In a first step, we study the hydration of a (001) gibbsite face. Then, in order to take into account the protonation state of the (001) gibbsite face, we investigate the interactions of the solvated uranyl ion with a neutral (001) face on the one hand and with a locally deprotonated (001) face on the other hand. In each case, two different adsorptions mechanisms are considered, namely, the inner sphere and the outer sphere mechanisms.
II. COMPUTATIONAL DETAILS
First principles Car-Parrinello molecular dynamics simulations 35 are performed using the CPMD code. This method is well adapted for the study of both the uranyl cation [36] [37] [38] and mineral surfaces. 39, 40 In this work, we have first performed some preliminary simulations of a hydrated uranyl cation and of a bulk gibbsite in order to determine the correct simulation parameters. The results, which are in good agreement with the literature data, are provided in the supplementary material. 41 Then we have simulated three interfacial systems:
r A first one consisting of two layers of gibbsite containing 8 Al(OH) 3 units each and a water layer containing 64 molecules. In a previous static DFT study, we have shown that including two gibbsite sheets is sufficient to correctly simulate the (001) gibbsite face. 25 The first gibbsite layer is frozen (in the bulk atomic position) and the second one, where the adsorption is studied, can relax. The thickness of the water layer is of approximately 21-22 Å, and its density is the one of bulk water, i.e., 1 g cm −3 .
r The two other systems were built from the latter by replacing one water molecule with an uranyl cation. In one case, the gibbsite surface was kept intact, and in the other a proton was removed.
All the simulations involve a monoclinic supercell with a = 8.82 Å, b = 10.30 Å, c = 31.04 Å, and β = 92.83
• with three-dimensional periodic boundary conditions. The KohnSham equations are solved within the PBE generalized gradient approximation 42 to evaluate the exchange-correlation energy. The electronic wavefunction is expanded using a plane-wave basis set with periodic boundary conditions sampled at the point. When the uranyl dication is present in the simulation box, according to the standard procedure, 43, 44 a uniform background charge of −2 (when the surface is not charged) or −1 (when the surface is deprotonated) is included to neutralize spurious interactions with neighbour images. 45 Due to the use of large simulation cells, it is necessary to tune well the parameters of the CPMD calculations. In particular, two types of pseudopotential are used in this work to represent core electrons: The Vanderbilt ultrasoft 46 and the Troullier-Martins 47 ones. Vanderbilt pseudopotentials allow for a shorter calculation time than the TroullierMartins ones, because they allow for the use of smaller kinetic energy cutoffs. Unfortunately, Vanderbilt pseudopotentials are not available in the CPMD code for the uranium atom. Thus, when the uranium atom is not present in the studied system, we have chosen for all atoms of the system to use Vanderbilt pseudopotentials and in other cases, Troullier-Martins pseudopotentials were employed. The electronic valence configuration for the two pseudopotentials is described by 2s 2 2p 4 for O atoms, 3s 2 3p 1 for Al atoms and 6s 2 6p 6 7s 2 5f 3 6d 1 for U atoms. Kinetic energy cutoff values of 28 Ry and 120 Ry were, respectively, found necessary to get converged forces on the atoms for the Vanderbilt and Troullier-Martins pseudopotentials. In all simulations, hydrogen atoms are substituted by deuterium atoms in order to maintain a reasonable time step of 0.121 fs. The fictitious electronic mass was set to 600 or 800 a.u. depending on the absence/presence of an uranium atom in the simulation box. In the second case, a larger value had to be used in order to control the adiabaticity. Nevertheless, we are looking at structural and thermodynamics quantities, so that our results should not be affected. 48 Simulations are performed in the NVT ensemble with a single Nosé-Hoover thermostat 49 set to 350 K. In all cases, statistics were gathered after an equilibration period of 2 ps; the total production simulation times are detailed in the following.
III. RESULTS AND DISCUSSION

A. Hydration of (001) gibbsite face
For this first system, the production simulation time is 13.6 ps. The axial density function (perpendicular to the surface) of the water oxygen atoms is displayed in Figure 1 (panel (a)), which allows us to identify the two first adsorbed layers, respectively, labelled L 1 and L 2 . Note that if we extend further this plot (not shown here), we observe that after a bulk-like region the function has a similar shape close to the second interface (frozen gibbsite layer). Nevertheless, we will base our discussion on the relaxed interface only. We have considered the first hydration layer (L 1 ) as the whole set of water molecules that interact directly with one or several atom(s) of the gibbsite surface. These water molecules are contained in the region of space where (z water −z surface ) ranges between 2 and 3.5 Å. The number of water molecules in this shell fluctuated during the simulation between 5 and 7 (6 on average). This corresponds, in average, to a covering of 50% of the surface site of the (001) gibbsite face, through the formation of hydrogen bonds. A similar proportion has been evaluated in the case of the montmorillonite basal face hydration study performed by Marry et al. 1 It is then possible to separate the adsorbed water molecules into two subsets, depending on their hydrogen bond donor or acceptor character. The hydrogen bond donors interact with the surface according to a single adsorption mode, which has been illustrated in panel (b) of Figure 1 and noted "M1." This kind of water molecule is located over the hydroxide surface at an average distance of 2.62 Å; it had already been observed by Wang et al. 32 in their classical MD study. The average distances and angles calculated for this ad- sorption mode have been listed in Table I . In particular, an O-H distance of 1.84 Å has been determined for this hydrogen bond. This value is slightly lower than the one determined in the ab initio MD study by Tunega et al. 50 (d Osurface-H = 1.9 Å) where a monolayer of water on the (001) face of kaolinite was considered.
The second category, i.e., the hydrogen bond acceptors, is composed of water molecules which interact with the gibbsite face by hydrogen bonds, which involve the water oxygen atom and either one or two surface hydrogen atoms. The two cases correspond to different adsorption modes labeled, respectively, "M2" (Figure 1 panel (c) ) and "M3" (Figure 1 panel (d)). Wang et al. 32 have also observed the third adsorption mode. The average distances and angles relative to the "M2" and "M3" adsorption modes are summarized in Table I . In M2, the water molecule is located at an average distance of 2.84 Å from the top of the gibbsite face. In this case, the water molecule interacts through one hydrogen bond with a O-H distance of 2.06 Å. In the last adsorption mode (M3), the water molecule is located at a distance of 2.79 Å above the gibbsite face. It is then linked with the (001) gibbsite face through two hydrogen bonds, with corresponding O-H distances of 2.15 and 2.19 Å.
These adsorption modes do not correspond to those determined by Veilly et al., 25 which considered only a water monolayer in their static DFT calculations. This leads us to the conclusion that it is important to take into account a real liquid water layer for correctly characterizing the surface hydration. From the dynamic point of view, it is worth noting that during our simulation, we observed that the water molecule could switch from one adsorption mode to another.
The second adsorbed layer ( Figure 1 panel (a) ) is composed of water molecules linked through hydrogen bonds with one or several water molecule of the first layer. The total average number of the water molecules included in the first and second hydration shells is 12 (in our simulation). This number is equal to the number of hydroxyl groups at the surface.
Finally, during our simulation, a few number of exchanges between the two hydration layers has been observed. One example is displayed in Figure 2 which provides the distances between one surface hydrogen atom and the oxygen atom of two water molecules which are in competition to be located in the first hydration shell. After 9.5 ps, a crossing point is observed, showing that some exchanges can take place relatively simply between the first hydration shell and upper water molecules.
B. Uranyl adsorption on the (001) gibbsite face
Experimentally, the study of the uranyl adsorption on the (001) gibbsite face has been realized at a pH value of 3.
25
This value was chosen since, at this pH, only the free aqueous UO 2 2+ ion is present in solution and thus expected to be adsorbed, while the dissolution of gibbsite remains limited. 51 The protonation state of this face has been evaluated with different models of the literature by various authors. [52] [53] [54] The results are somewhat dispersed but they all lead to the following conclusion: At pH = 3, the gibbsite surface should contain a probable majority of neutral surface sites and a very small amount of negatively charged sites. The application of advanced ab initio MD methods may be useful in the future for determining more precise values for the surface sites pK A , 55, 56 but this is out of the scope of the present study. Here, we have therefore studied the interaction between an uranyl ion and a neutral gibbsite face on the one hand or a locally deprotonated face on the other hand. The investigated adsorbed complexes are schematized in Figure 3 . In each case, the inner and outer sphere complexes have been characterized. For each simulation, an initial guess of the surface complex was already built in the starting configuration. This obligation to start from an already formed surface complex is due to the small timescales accessible to CPMD simulations.
Interaction with uncharged surface sites (model 1)
The total simulation times are, respectively, equal to 11.2 and 11.7 ps in the case of the studies of the outer and inner sphere complexes.
a. The outer sphere complex. The structure obtained for outer sphere complex is summarized in Figure 4 panel (a) . In this adsorption mode, the uranyl ion is located between two neighbour surface oxygen atoms at an average distance of 4.47 Å on the top of the gibbsite face. The calculated average distance between U atom and one O atom of the uranyl ion (U-O yl ) is 1.82 Å and the average angle O yl UO yl is 173.6
• . These two geometric features (distance and angle) are similar to the case of the uranyl ion in solution (1.83 Å and 173.2
• in this study, see the supplementary material 41 ), which shows that for this mechanism the structure of the uranyl ion is not strongly perturbed. Indeed, this phenomenon is explained by the fact that the uranyl ion does not interact directly with the surface, but rather through its first solvation shell. Indeed, the uranyl ion remains linked to 5 water molecules at an average distance of 2.43 Å. Two of these five water molecules are bonded with two oxygen atoms of the gibbsite surface by hydrogen bonds with average distances d Osurface-Hwater of 1.78 and 1.55 Å and average angles O water HO surface of 160.2 • and 167.0 • , respectively. The three other water molecules of the uranyl solvation shell are not linked to the surface and suffer almost no perturbation from it (in comparison with the free uranyl ion). The outer sphere complex could not be studied by Veilly et al. in their static DFT study. We can nevertheless compare our results with those from Kremleva et al. 21 only, who could optimize the geometry of such a complex on a kaolinite surface. They have obtained a structure in which the uranyl cation shares only one water molecule from its solvation shell with the surface. In their work, only one water molecule was explicitly modeled in addition to the 5 molecules of the first hydration shell, which is probably the main reason for the observed difference (in addition to the difference of surface structure between gibbsite and kaolinite).
Finally, we observe that this complex has almost no impact on the structure of the gibbsite surface. Indeed, the average distances d Osurface-Hsurface and d Osurface-Al are equal to 0.99 Å and 2.03 Å, respectively, which correspond to variations of 0.0 Å and 0.07 Å compared to those calculated in the case of the hydrated gibbsite face without uranyl.
b. The inner sphere complex. The structure of the second studied complex (the inner sphere one) is presented in panel (b) of Figure 4 . In this complex, the uranyl ion is still located between two neighbour surface oxygen atoms but now at an average distance of 2.22 Å from the gibbsite face. The average distance d(U-O yl ) is 1.82 Å and the average angle is 166.9
• . Such a bending of the uranyl ion due to the surface influence has already been observed in a previous study. 25 On the liquid side, the first solvation shell of the UO 2 2+ cation is composed of three water molecules with an average distance of 2.43 Å from the uranyl. Thus, during the formation of this complex, two water molecules present in the first solvation shell of the previous complex were expelled in solution. The uranyl ion is directly linked by a bidentate mode to two surface oxygen atoms, with average distances (U-O surface ) of 2.48 and 2.84 Å, which are in good agreement with the Veilly et al. 25 results when they used an explicit water monolayer in their calculations. It is also in qualitative agreement with the work of Kremleva et al. 21 on kaolinite, who have also observed a bidentate adsorption with two different distances, both being shorter in the case of the kaolinite. During the simulation, we observed that the uranyl ion could switch between two adsorption sites. The average distance between the uranium atom and the nearest aluminium atom is of 3.55 Å.
In this mechanism, the influence of the uranyl ion on the gibbsite face is expected to be more important than in the outer sphere adsorption case. The average distance d Osurface-Hsurface and d Osurface-Al are now, respectively, equal to 0.99 and 2.08 Å. However, the variations of distances remain weak (0.0 and 0.12 Å) compared to the case of the hydrated gibbsite face with no uranyl.
c. Free energy profile. The two former simulations (inner and outer sphere complexes) only sampled a region of the phase space where the free energy is close to a local minimum. In these calculations, the regions of high energy are not sampled and we do not have information on the relative stabilities of the two complexes. To realize this, we use the umbrella sampling method, [57] [58] [59] which consists in biasing the potential energy surface by including a supplementary potential energy term (an harmonic oscillator in our case) in the calculation in order to correctly sample all the space phase along a given reaction coordinate. The free energy profile was calculated by using the reaction coordinate d U-Al , which corresponds to the distance between the uranium atom and an aluminium atom in the frozen layer of gibbsite. This reaction coordinate was chosen because we observed that the uranium atom remains directly located on top of the Al atom in both adsorption mechanisms (inner and outer sphere complexes), on the same adsorption site. The potential w i added in each of the biased simulations is as follows:
where K is the harmonic constant (which is equal to 67.19 kcal/mol Å −2 ) and d Thus, to obtain the free energy profile, a set of 15 simulations along this reaction coordinate with an averaging over 8-12 ps per window has been performed. Each of these simulations provides a biased probability distribution. To combine the results, we use the weighted histogram analysis method, [59] [60] [61] which allows to calculate the unbiased global distribution from the results of the different windows obtained by the umbrella sampling method. These ones overlap sufficiently well to extract a free energy profile over the entire range of sampled distances.
Panel (d) of Figure 4 represents the free energy profile between the inner and outer complexes. It shows three energy minima, which are separated by two energetic barriers. These three areas correspond to the following d U-Al distances: around 8.20 Å; between 8.75 and 9.05 Å and around 10.3 Å. The former corresponds to the inner sphere and the latter to the outer sphere complexes, while the other one has to be identified, we will label it "intermediate complex" in the following. The free energy difference obtained between the outer sphere complex and the intermediate complex has been estimated to be of A ≈ −0.08 kcal/mol. The difference of free energy has also been calculated between the outer and inner sphere complexes, A ≈ 0.06 kcal/mol, and between the outer and intermediate complexes, A ≈ 0.15 kcal/mol. For all these small values, we can expect an important uncertainty due to the relatively poor sampling allowed in our DFT simulations. It nevertheless indicates that these three complexes have relatively similar free energies.
d. The intermediate complex.
A very interesting output of the free energy calculation is that it allowed us to put in evidence a third adsorption complex. We have therefore characterized it by performing a 9.4 ps equilibrium simulation, starting from the biased one. The results are summarized in Figure 4 (panel (c) ). The uranyl is located at an average distance of 2.85 Å of the gibbsite face. The average distance calculated between U atom and one O atom of uranyl ion U-O yl is 1.82 Å and the average angle O yl UO yl is 173.2
• . The first solvation shell of this ion is composed of 4 water molecules at an average distance of 2.43 Å of the uranium atom. It interacts directly with the surface (with a shortest distance U-O of 2.66 Å) but also through its first solvation shell: Two of the water molecules form hydrogen bonds (d = 1.43 Å and d = 1.52 Å) with two different surface oxygen atoms. The average distance between the uranium atom and the nearest aluminium atom is of 4.27 Å.
We calculated a first energy barrier between the outer sphere mechanism complex and this intermediate state of 1.13 kcal/mol and a second energy barrier between the intermediate state and the inner sphere mechanism complex of 0.78 kcal/mol. These two energy barriers, when compared to the thermal agitation energy (k B T = 0.60 kcal/mol at T = 300 K) are, respectively, equal to 1.9 k B T and 1.3 k B T. Such weak values suggest that the switch between the outer and inner sphere mechanisms could be observed at reasonable timescales. It is worth noting however that due to the short simulation times, the uncertainty on these energy barriers is probably very high. Based on the ab initio MD study of the potential of mean force between Na + and Cl − involving a relatively similar simulation procedure, in which the convergence of the function was evaluated, 62 we can estimate that the uncertainty in the barrier free energies are at least of 1 kcal/mol, i.e., as high as the barrier themselves. They nevertheless remain relatively low, showing that the interaction between the ion and the surface is weak. In addition, a complete characterization of the free energy barrier should probably include an additional reaction coordinated representing the collective degrees of freedom of the solvant 63 but this is for the moment out of reach of ab initio MD simulations.
Interaction with a locally deprotonated gibbsite face
Finally, we have studied the situation where one surface site is deprotonated. The total simulation times are, respectively, equal to 9.4 and 7.3 ps for the outer and inner sphere complexes.
a. The outer sphere complex. In this simulation, the initial complex, which is displayed in Figure 5 (panel (a) ) is not stable. Indeed, in the first steps of the simulation, a proton transfer occurs between one water molecule of the first solvation shell of the uranyl ion and the surface site initially deprotonated, as displayed in Figure 5 (panel (b) ). Thus, the formed uranyl complex is composed of 4 water molecules and 1 hydroxide ion in the first solvation shell and the gibbsite face becomes neutral. The average structure of the formed complex is presented in panel (a) of Figure 6 . In this complex, the uranyl ion is located at an average distance of 4.28 Å above the gibbsite surface. In this case, the uranyl ion comes closer by 0.19 Å of the gibbsite surface than in the precedent outer sphere complex studied. The average distance U-O yl and the average angle O yl UO yl , respectively, are of 1.83 Å and 171.9
• . The first solvation shell of the uranyl in this complex is composed of 4 water molecules located at an average distance of 2.52 Å of the uranium atom, and one hydroxide ion separated by an average distance of 2.15 Å from the uranium atom. The adsorption mode of the uranyl complex UO 2 (H 2 O) 4 
(OH)
+ , which is presented in panel (a) of Figure 6 is stable during all the simulation time. No desorption or diffusion events have been observed. In this adsorption mode, the uranyl ion interacts indirectly (i.e., through his solvation shell) with the gibbsite face by two hydrogen bonds: one formed between one water molecule of its solvation shell and one hydroxide surface group, and another between the hydroxide of the solvation shell of the uranyl ion and another hydroxide surface group. The average distances and angles of these hydrogen bonds, respectively, are of 1.75 and 1.79 Å and of 161.4 and 165.2
• .
b. The inner sphere complex. Now we consider the case where the initial state of the simulation consists in an adsorbed bidentate complex on the gibbsite face according to an inner sphere mechanism. This initial state schematized in Figure 3 (panel (d) ) is not stable. In the first steps of the simulation, the uranyl ion takes an average position located 2.15 Å above one of the two initial surface sites forming a monodentate bond with the gibbsite face. This formed complex is illustrated in Figure 6 panel (b) . In this complex, the average distance d U-Oyl is of 1.83 Å. During all the simulation time, no desorption or diffusion events are observed. The bond between uranyl ion and the gibbsite face is characterized by a short distance of 2.15 Å, which indicates that the ion is then strongly linked. The ion is also linked with three water molecules in its first solvation shell. The average distance between one of these water molecules and the uranium atom is of 2.44 Å, differing by 0.02 Å in comparison which the case of an ion in solution. Two of the three water molecules of the solvation shell of the uranyl ion interact by a hydrogen bond with two different sites of the gibbsite face. The average lengths of these two bonds are of 1.93 and 2.89 Å. The last water molecule is linked to two water molecules. The average distance between the uranium atom and the nearest aluminium atom is of 3.69 Å.
IV. CONCLUSION
In this study, we have used a theoretical approach to investigate the uranyl cation interaction with gibbsite in order to get more insight into the possible retention processes of this ionic species in soils. To this end, we have used a CarParrinello molecular dynamics approach, which allowed us to take into account the solvent, the temperature, and the dynamic effects in the simulations.
Before studying the uranyl behaviour at the water/gibbsite interface, it appeared to be important to investigate the water structure on top of the gibbsite face. The simulations showed a strong structuring of the water molecules in the first hydration shell. Water molecules in the first layer interact with the surface by means of hydrogen bonds according to three different adsorption modes which were characterized.
The interaction of the solvated uranyl cation with the hydrated neutral surface (majority case) and locally deprotonated surface (minority case) has then been investigated. In the first case, we have identified three different complexes of similar stability: 1 outer sphere and 2 inner sphere complexes. These three adsorption complexes have equivalent relative free energies and the energy barrier between them is small enough that the adsorption reaction can overcome each barrier at room temperature. From the absence of strong minimum in our free energy profile, we can conclude that in the majority case, on a neutral surface, the three adsorption complexes can coexist and the interaction between the uranyl ion and the surface is weak.
In the second case (adsorption on a locally deprotonated (001) gibbsite face), we have studied two different complexes: 1 outer sphere and 1 inner sphere. In the first simulation (outer sphere), a proton exchange between a water molecule and the negatively charged surface site occurs in the beginning of the simulation. Thus, the face becomes totally mono-protonated (uncharged). The outer complex formed contains thus 4 water molecules and 1 hydroxide group in this first solvation shell. This complex is weakly linked to the gibbsite face. A stable inner sphere complex has been identified. This complex interacts strongly with the surface by a bond characterized by a short U-O distance of 2.15 Å. Thus, in the minority case, a potential highly stable inner sphere complex can be formed.
